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Abstract: In order to expand hepatitis C virus (HCV) screening, a change in the diagnostic paradigm
is warranted to improve accessibility and decrease costs, such as utilizing dried blood spot (DBS)
collection. In our study, blood from 68 patients with chronic HCV infection was spotted onto DBS cards
and stored at the following temperatures for one week: −80 ◦C, 4 ◦C, 21 ◦C, 37 ◦C, and alternating
37 ◦C and 4 ◦C; to assess whether temperature change during transportation would affect sensitivity.
Sample was eluted from the DBS cards and tested for HCV antibodies (HCV-Ab) and HCV core
antigen (core-Ag). HCV-Abs were detected from 68/68 DBS samples at−80 ◦C, 4 ◦C, 21 ◦C, and 67/68 at
37 ◦C and alternating 37 ◦C and 4 ◦C. Sensitivity of core-Ag was as follows: 94% (−80 ◦C), 94% (4 ◦C),
91% (21 ◦C), 93% (37 ◦C), and 93% (37 ◦C/4 ◦C). Not only did temperature not greatly affect sensitivity,
but sensitivities are higher than previously reported, and support the use of this assay as an alternative
to HCV RNA. We then completed a head-to-head comparison (n = 49) of venous versus capillary
samples, and one versus two DBS. No difference in core-Ag sensitivity was observed by sample
type, but there was an improvement when using two spots. We conclude that HCV-Abs and core-Ag
testing from DBS cards has high diagnostic accuracy and could be considered as an alternative to
HCV RNA in certain settings.
Keywords: Chronic hepatitis C; dried blood spot; core-antigen; diagnosis; widespread screening
1. Introduction
Therapeutic developments have revolutionized the treatment of hepatitis C virus (HCV) infection
and raised the prospect of global elimination. Despite this progress, HCV continues to have low rates
of diagnosis, partially due to complicated diagnostic algorithms. The most widely used approach
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is the two-assay format that detects HCV antibodies (HCV-Abs), followed by viral RNA to confirm
current infection [1]. Although both assays can be done from a single sample, most laboratories require
two samples for reflex testing, or a follow-up sample, which has been cited as a barrier in the HCV
cascade of care (reviewed in Reference [2]). Alternatively, a measure of active infection could be done
as the initial test, however the cost of HCV RNA is often prohibitive. HCV core antigen (core-Ag)
is an alternative marker of infection with high specificity, and correlates well with HCV viral load.
The clinical sensitivity of the assay is excellent; however, the analytical sensitivity is unreliable below
3–10 fmol/L (RNA viral load of 1000–3000 IU/mL) [3]. Nonetheless, as most individuals with chronic
HCV infection have RNA levels above this threshold, core-Ag is an effective and less expensive tool for
confirmation of active infection [4].
In many high-income countries, up to half of chronic infections remain undiagnosed and diagnosis
rates in low- and middle-income countries are much lower [5–7]. The low diagnosis rates are due to
the generally asymptomatic nature of the disease, the reliance on risk factor-based testing, and in some
settings, limited access to healthcare infrastructure and the high cost of HCV diagnostic tests [8,9].
Among high-risk populations, additional barriers to testing exist. For people who inject drugs, standard
venipuncture may be particularly challenging. The need for trained staff to draw venous blood limits
peer testing and other approaches that may help engage people who may have experienced stigma in
healthcare settings [10]. The requirement to come back for a second test is a major additional barrier,
with 30–40% of persons who test HCV antibody positive never returning to confirm viremia, let alone
to engage in care and treatment [11,12]. Dried blood spot (DBS) testing has been shown to overcome
some of these challenges and is widely used in other diseases [13]. As only a finger-prick is needed,
the requirement for venous access is eliminated, allowing those without healthcare training to perform
sample collection. Furthermore, subsequent testing can be reflexively completed from the same card.
The HCV core-Ag assay from DBS could provide a less expensive alternative to HCV RNA testing
for active infection, however, there have been few studies that have assessed the sensitivity and
quantification of core-Ag from DBS, and those that have do not have consistent collection or processing
methods. Furthermore, the effects of storage conditions are not known [14]. The aim of this study was
to determine whether testing core-Ag from DBS could be used to diagnose chronic HCV infection;
and whether storage temperature influences diagnostic sensitivity and the correlation between core-Ag
from serum and DBS. In follow-up we determined whether sensitivity differed when using venous
versus capillary blood, as well as one versus two dried blood spots.
2. Materials and Methods
2.1. Study Population and Design
Patients with chronic HCV infection visiting the outpatient clinic of the Toronto Centre for Liver
Disease (TCLD) (Toronto, Canada) were approached from June 2015 to December 2018. All HCV-positive
persons included in the study had a detectable viral load as determined clinically at Public Health
Ontario by the Roche Cobas AmpliPrep TaqMan HCV Assay, and were either treatment-naïve or
were classified based on their prior treatment history. Clinical and demographic data were collected
from the electronic medical record. To assess the specificity of DBS, known HCV-negative controls
were included. Staff carrying out the testing of DBS samples were blinded to the HCV status of the
tested individuals.
2.2. Dried Blood Spots (DBS) and Serum Sample Collection
In order to assess overall sensitivity and the effect of storage conditions, two tubes of venous
blood were collected from HCV-infected individuals and negative controls. One tube was used to
fill five spots of 50 µL per spot to a Munktell-TFN protein saving DBS cards (Ahlstrom Germany,
Bärenstein, Germany). The spotted DBS cards were left to dry overnight at room temperature and
were then inserted into an individual plastic bag containing a desiccant pack. Each DBS card was
Viruses 2019, 11, 830 3 of 14
subsequently stored under a different condition for one week to simulate issues that may arise during
sample collection and transport: (1) −80 ◦C (gold standard), (2) 4 ◦C (refrigeration rather than freezing),
(3) 21 ◦C (storage at room temperature rather than freezing), (4) 37 ◦C (storage in high temperature
environments) and (5) three days of alternating 12 h at 37 ◦C and 12 h at 4 ◦C (variable temperatures
during transport). Following the experimental storage conditions, the DBS cards were stored at −80 ◦C
until elution. The second tube of venous blood collected was stored at −80 ◦C for serum core-Ag testing.
In order to evaluate the effect of capillary blood collection in comparison to venous blood, one tube
of venous blood was collected from patients with chronic HCV infection and HCV Ab-negative
individuals. This tube was used to spot 75 µL of blood per spot to six spots on two Munktell-TFN
protein saving DBS cards (Ahlstrom Germany, Bärenstein, Germany). Additionally, three dried blood
spots were filled by capillary blood from a finger-prick sample from the same individual. The spotted
DBS cards were left to dry overnight at room temperature and were then inserted in an individual
plastic bag containing a desiccant pack. Each DBS card was subsequently stored at −80 ◦C until elution.
2.3. Dried Blood Spots (DBS) Anti-Hepatitis C Virus (HCV) and Core-Antigen (Ag) Elution and Testing
After storage at −80 ◦C, the individual spots were cut out and inserted into a microtube containing
0.8 mL of 0.25% TX-100 phosphate-buffered saline (PBS) for elution. 400 µL was used for testing; or in
the optimized protocol 0.8 mL for one, two, or three spots (three for venous only). Microtubes were
gently shaken and incubated at room temperature for 90 min. Spots were then removed, and the
elution product was stored at −80 ◦C until diagnostic testing. HCV-Abs were tested using the Architect
i4000 SR (Abbott, Chicago, Illinois) with a lower limit of detection (LLOD) of 1.00 S/CO and core-Ag
was tested by the HCV ARCHITECT core antigen assay (Abbott, Chicago, Illinois) with a LLOD of
3 fmol/L. In this assay values of 3–10 fmol/L are diagnostically positive (grey-zone), but the lower limit
of quantification is 10 fmol/L. Thus, only samples that were determined to be greater than 10 fmol/L
were correlated to the patient’s viral load. However, all samples greater than 3 fmol/L were included
for determination of sensitivity.
2.4. Statistical Analysis
Data are presented as medians with interquartile range (IQR) or means with standard deviations
(SD). Sensitivity was calculated to determine diagnostic accuracy. Quantitative data were compared
using a paired t-test. Correlation between quantitative samples was assessed using Pearson’s correlation
coefficient after log transformation. Analysis and graphing were completed using Prism GraphPad
(version 7).
2.5. Ethics
The study protocol was conducted in accordance with the Declaration of Helsinki and Good
Clinical Practice guidelines and was originally approved on the 16th of December 2014 by the University
Health Network Ethics Review Board (UHN REB 14-8383).
3. Results
3.1. Patient Characteristics
A total of 117 patients with chronic HCV infection, and 15 HCV-Ab negative patients were included.
Within the 15 negative controls, five were healthy individuals, and 10 were infected with hepatitis
B virus (HBV). Patient characteristics are summarized in Table S1. The majority of the cohort was
male (59.0%), and non-cirrhotic (70.9%). The most frequently identified genotype was genotype (GT) 1
(65.8%), although other genotypes were also reported. With respect to treatment status, 89 (76.1%)
patients were treatment-naïve, 24 (20.5%) were prior non-responders or had relapsed, and 4 (3.4%)
discontinued therapy due to adverse events.
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3.2. Detection of Core-Antigen (Ag) Is Unaffected by Changes in Storage Temperature
Testing algorithms for HCV include screening samples for the presence of HCV Abs, followed by
a confirmatory assay to establish active infection. In our study, HCV-Abs were detected from DBS
in all HCV-infected patients in all conditions, except for one patient in whom HCV-Abs were not
detected from a DBS card stored at 37 ◦C and at 37 ◦C/4 ◦C (Table 1). Next, we examined whether
temperature affected core-Ag detection. Storage at −80 ◦C and 4 ◦C had the highest sensitivity at
94.1% (95% CI 88.5–99.7%), and overall differences in sensitivity between conditions were minimal
ranging from 91.2–94.1%. However, in 4 samples there were conditions in which quantitative results
were in, or slightly above the grey-zone (3–10 fmol/L) for certain conditions, but below the LLOD for
others. In only one of these scenarios was there a pattern with hypothesized degradation based on
temperature, i.e., positive in −80 ◦C, 4 ◦C, 25 ◦C, and negative at 37 ◦C and 37/4 ◦C. When analysis
was performed using the quantification cutoff value of ≥10 fmol/L, detection ranged from 80.9–85.3%.
All HCV-negative controls tested negative for core-Ag from DBS under all storage conditions. Sensitivity
for all five storage conditions from DBS is shown in Table 1.
Table 1. Sensitivity and specificity of hepatitis C Virus (HCV) antibody and antigen on dried blood
spots (DBS) by storage condition.
Storage Condition HCV Antibody HCV Core Antigen
Sensitivity (95% CI)
n = 68
Sensitivity >3 fmol/L (95% CI)
n = 68
Sensitivity >10 fmol/L (95% CI)
n = 68
−80 ◦C 100% (100–100) (68/68) 94.1% (88.5–99.7) (64/68) 85.3% (76.4–94.2) (58/68)
+4 ◦C 100% (100–100) (68/68) 94.1% (88.5–99.7) (64/68) 85.3% (76.4–94.2) (58/68)
+21 ◦C 100% (100–100) (68/68) 91.2% (84.3–98.1) (62/68) 80.9% (70.8–91.0) (55/68)
+37 ◦C 98.6% (96.6–100) (67/68) 92.7% (86.4–98.9) (63/68) 80.9% (70.8–91.0) (55/68)
+37 ◦C/+4 ◦C 98.6% (96.6–100) (67/68) 92.7% (86.4–98.9) (63/68) 85.3% (76.4–94.2) (58/68)
3.3. Quantitative Analysis of Core-Antigen (Ag) from Dried Blood Spots (DBS)
Quantification of HCV viral load may have utility in treatment decisions. Therefore, we investigated
the correlation between serum core-Ag levels and HCV RNA. As shown in Figure S1, we determined
that core-Ag concentration in serum significantly correlated with HCV-RNA concentration in serum
(r = 0.76 (95%CI 0.63–0.84), p < 0.0001). Based on the serum viral RNA, one sample was predicted to be
below the LLOD based on established cut-offs for serum core-Ag (1000–3000 IU/mL). Additionally,
concordance between DBS duplicates for detection of HCV-Abs and detection of core-Ag was calculated
and ranged from 96–100% depending on storage condition (Table S2). Agreement when using a core-Ag
quantitative cut-off of 10 fmol/L is also shown (Table S2).
Interestingly, mean core-Ag concentration in serum was 1.7–1.9 log higher than core-Ag
concentration from DBS irrespective of the storage condition (p < 0.0001) (Figure 1). There was also
a statistically significant difference between mean values of samples stored at −80 ◦C in comparison
to samples stored at 37 ◦C and 37/4 ◦C (p < 0.05). The correlations between core-Ag concentration in
serum and DBS for the different conditions varied and demonstrated a statistically significant moderate
to strong positive correlation. As a representative example, a correlation graph for −80 ◦C including
all samples is shown in Figure 2A, r = 0.71. R-values were as follows for the various conditions:
r = 0.76 (−80 ◦C, Figure 2B), 0.71 (4 ◦C, Figure 2C), 0.73 (21 ◦C, Figure 2D), 0.45 (37 ◦C, Figure 2E), 0.60
(37 ◦C/4 ◦C, Figure 2F).
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3.4. Core Antigen (Ag) Sensitivity Is Increased by Dried Blood Spots (DBS) Number
Several groups have assessed the sensitivity of core-Ag from DBS using different sample collection
methods and sample processing conditions with variable sensitivity reported [15–17]. We investigated
whether the collection method (venous blood vs. finger-prick blood) and number of spots eluted (one vs.
two) from the DBS card affected assay sensitivity. As we demonstrated that storage temperature
does not significantly affect sensitivity, for this analysis all cards were stored at −80 ◦C until elution.
Sensitivity for both sample types and number of dried blood spots are shown in Table S3. For diagnostic
sensitivity, i.e., >3 fmol/L results were as follows: for both one venous sample spot and one finger-prick
spot sensitivity was 91.8% (95% CI 84.2–99.5%); for two venous sample spots and two finger-prick
spots sensitivity was 93.9% (95% CI 87.2–100%). There were 3 samples for which core-Ag was not
detected across all four conditions. The first sample was below the limit of detection of 3000 IU/mL
with a viral load of 1710 IU/mL. The other two samples had serum HCV RNA levels of 13,300 and
47,200 IU/mL; which were confirmed by chart review as chronic infections (despite low viral loads).
In addition, in two other samples, results went from undetectable (<3 fmol/L) to detectable
(>3 fmol/L) when two spots were used instead of one. The first of the two was above the LLOD in
one and two DBS blotted by finger-prick, however, when the sample was collected by venipuncture,
only the sample eluted from two spots was above the LLOD. In the second patient, the opposite was
true, where samples from both one and two DBS from venous blood were above the LLOD, but two
spots were necessary for positive detection from the finger-prick sample.
In those that were undetectable across all four conditions, no change in sensitivity was observed
when a third venous spot was used (data not shown). In both capillary and venous samples, quantitative
data for two dried blood spots was approximately two-fold that of one DBS: venous 1.95-fold
(SD +/− 0.35); finger-prick 1.97-fold (SD +/− 0.44). All 10 known HCV Ab negative samples were
correctly identified as negative.
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Figure 2. Correlation bet een core-antigen (Ag) titre fro dried blood spots (DBS) and seru per
condition. Pearson correlation: (A) Samples stored at−80 ◦C. Samples excluded if core-Ag concentration
was less than 3 fmol/L stored at (B) −80 ◦C, (C) 4 ◦C, (D) 21 ◦C, (E) 37 ◦C, (F) 37 ◦C/4 ◦C.
There was a strong correlation in the quantitative analysis between venous and finger-prick
samples. As is shown in Figure 3, this was observed when comparing one spot of venous blood to
finger-prick r = 0.97 (95%CI 0.94–0.98), and when comparing two spots of venous to finger-prick
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whole blood r = 0.98 (95%CI 0.96–0.99). Next, we compared one versus two DBS from finger-prick
samples, which had been stored at −80 ◦C as these are the more clinically relevant sample type.
Our findings demonstrate that there is a strong positive correlation between two DBS samples blotted
from finger-prick in comparison to HCV RNA from serum, r = 0.9 (Figure 3C), as there is for a single
DBS (data not shown).
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4. Discussion
Identifying HCV cases requires a two-tiered testing algorithm involving detection of HCV-Abs
and HCV-RNA (or another marker of active infection such as core-Ag). Testing from DBS has been
recommended as a promising alternative to testing from plasma or serum in recent guidelines from
the WHO. The sensitivity and specificity of HCV-Ab testing from DBS is 98% and 99%, respectively,
while HCV RNA testing from DBS has a sensitivity of 96% and a specificity of 98% [18]. However,
to date the use of HCV core-Ag from DBS as a diagnostic assay for HCV infection has not been
recommended due to the limited data assessing the sensitivity and utility in real-world settings.
Our study lends support for this platform as an option for diagnosing chronic HCV infection, and in
fact shows increase sensitivity compared to other studies (Table 2).
The sensitivity of antibody testing demonstrated here is in agreement with results published
previously [16,19], and none of our HCV-negative controls tested positive for either HCV-Ab or core-Ag
from DBS. Although the number of HCV-negative controls was very limited, the specificity of HCV-Abs
and core-Ag from DBS has been reported elsewhere [16,17]. There was good concordance between
duplicates for antibody and antigen from a diagnosis perspective, demonstrating that duplicate testing
is not necessary.
Our study focused on individuals with detectable viral load in a clinical setting for the purposes
of diagnosing chronic infection, as case-finding remains a major challenge in the elimination of HCV
globally, hindered by collection difficulties and high costs of testing. Other studies have also evaluated
the use of core-Ag from DBS to confirm undetectable RNA. Soulier et al. assessed 26 patients with
known resolved infection as defined by the authors as either acutely clearing (n = 13) or SVR (n = 13),
and confirmed that core-Ag was undetectable in all cases (specificity of 100%) [16]. Moreover, a recent
study demonstrated that HIV or hepatitis B virus co-infection did not affect the sensitivity of core-Ag
testing from DBS [15].
In our hands, we observed that serum had a lower limit of detection than DBS. A similar
phenomenon was observed with HCV RNA, relating primarily to sample volume [20]. There was
a correlation between quantitative core-Ag measurements between serum and DBS, particularly for
samples above 3 fmol/L, which is in agreement with what has been reported elsewhere [16]. We also
found minimal differences in sensitivity and quantitative correlation between storage temperatures,
in line with others that compared storage at −80 ◦C to 25 ◦C [16]. However, for low-quantity samples
(i.e., 3–10 fmol/L), temperatures including 37 ◦C and changes in temperature (37/4 ◦C) may slightly
affect diagnostic sensitivity. Our environmental conditions data support the use of core-Ag from
DBS in remote regions where the sample could undergo fluctuations in storage temperature during
collection and transit.
There is notable variability in the reported sensitivity of core-Ag from DBS across studies (Table 2).
All studies included samples with diverse genotypes, and no genotype-specific changes in sensitivity
have been observed [15,16]. There are several possible reasons for the differences in sensitivity between
studies. Although each study used the Abbott core-Ag detection system, differences in collection
methods, as well as sample processing (number of spots, elution time) have not been standardized for
core-Ag processing from DBS, possibly leading to large reported differences in sensitivity ranging from
64–83% [16,20]. We showed that the sample type (venous blood vs. finger-prick) used for core-Ag
from DBS did not affect the results. Importantly, we also showed that doubling the number of spots
doubles the quantitative core-Ag results, which is relevant for samples near the limit of detection.
In our study, one sample was below the cut-off of 3000 IU/mL recommended for core-Ag testing from
serum. Thus, if we were to use the previously established HCV RNA cut-off for the core antigen assay,
our sensitivity would be 96.9% (95% CI 92.0–100%). However, in order to reliably capture sensitivity
for samples less than 1.0 × 105 IU/mL in the context of DBS, larger studies focusing on these viral loads
will need to be completed. These data will be useful to continue to standardize processing guidelines
for the microbiology diagnostics community [21].
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Table 2. Summary of sensitivity and specificity of hepatitis C virus (HCV) diagnostic options.
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In order to work towards the global elimination of HCV, different testing methodologies will be
required. The optimal diagnostic approaches vary depending on disease prevalence, testing setting and
the availability of testing options including point-of-care antibody or HCV RNA testing, DBS collection
ability, and access to facilities for antibody, RNA, and core-Ag high-throughput sample processing [19].
Potential testing algorithms that incorporate DBS are outlined in Figure 4. The cost of both testing and
treatment may also influence the modality chosen in specific settings. With respect to DBS, a British
study looking at direct costs of HCV antibody testing from DBS versus venous sampling showed that
the cost per positive test was three times less using DBS; and other studies demonstrate that HCV RNA
DBS testing increases access to services in non-clinical settings [22–25]. Therefore, the use of DBS for
antibody screening with reflex RNA testing should be considered in areas where sample collection and
transportation are difficult (Figure 4A). Alternatively, to reduce HCV RNA testing, the use of DBS for
initial HCV-Ab screening, with a core-Ag reflex test, and a follow-up RNA test (for patients who are
HCV-Ab positive, but core-Ag negative) may also be considered in resource-rich settings (Figure 4B).
Although markedly improved in compared to other studies, the qualitative sensitivity of core-Ag
testing was still only in 91–94% range, raising concern of false-negative results if confirmatory HCV
RNA testing is not added for Ab-positive/core-Ag-negative samples (Figure 4C). Whether it would
be more cost-effective to forego confirmatory RNA testing would depend primarily on the costs of
the different assays but also on the frequency of spontaneous HCV clearance. Moreover, it must be
considered in the context of patients with very-low viral loads, as it has recently been shown that
core-Ag may not be detected [26].
In settings such as Sub-Saharan Africa, where higher rates of spontaneous HCV clearance are
reported, likely due to the high prevalence of past or current hepatitis B co-infection, more confirmatory
HCV RNA tests would be required [27–29], which is costly. Thus, as core-Ag is less expensive than
HCV RNA, it may be reasonable to first look for active infection by this method and send all negative
samples for RNA testing.
Finally, direct HCV core-Ag testing without initial Ab testing from DBS may be an appropriate
initial screening method in high prevalence populations such as in people with ongoing injection
drug use, and a less expensive alternative to HCV RNA testing (Figure 4D). However, the amount
saved by eliminating the HCV-Abs test must be weighed against the knowledge gained by knowing
an individual is antibody positive, and the potential for education or contact tracing. It should be
noted, that although predominately in early acute infection, the possibility for a patient to be HCV-Ab
negative, but RNA positive does exist. Nonetheless, a major advantage of all algorithms (Figure 4A–D)
is that additional testing can be done from the same card, reducing lost to follow-up rates before
establishing chronicity. Although additional testing could include genotyping, the relevance of this
test considering the cost, may be less important in the era of multiple pan-genotypic treatment options.
This study has important limitations. Specifically, few HCV RNA negative samples were included
and no samples post-SVR or spontaneous HCV RNA clearance were included, however, the specificity
of core-Ag testing has been well validated in many studies, as described above. Considering the small
number of samples with HCV RNA levels less than 10,000 IU/mL, it may be difficult to determine
whether the number of spots has an effect on sensitivity. However, our quantitative data clearly
demonstrate that doubling the number of spots eluted increases the amount of core-Ag detected.
In conclusion, we have demonstrated that HCV-Ab and reflex core-Ag testing from DBS has
a higher sensitivity for diagnosis (~94%) than previously reported. Quantitative DBS core-Ag level
correlates adequately to core-Ag levels in serum particularly given that the quantitative results are
of limited clinical value. We also show that HCV-Ab and core-Ag results from DBS samples are not
affected by storage temperature, as evidenced by only small differences in sensitivity, important in
situations where sample shipment can be expensive, and samples may be in transit for several days.
Finally, we demonstrate that while there is no difference between sample collection methods. There is
a linear relationship between the spot number and the quantitative HCV core-Ag result, which has the
potential to increase sensitivity of the assay if samples are slightly below the 3 fmol/L cut-off. Our data
Viruses 2019, 11, 830 11 of 14
would support using LLOD (3 fmol/L) rather than the lower limit of quantification (10 fmol/L) when
using core-Ag off DBS to improve overall sensitivity.
Our results are particularly relevant for screening in difficult-to-reach populations, where eliminating
the need for a venous sample could increase peer screening; and in rural and remote populations,
where there may be a lack of trained personnel and samples may have to undergo various temperature
changes in transit. Finally, the use of core-Ag from DBS may reduce the need for HCV RNA testing,
with the potential for cost-saving.





Figure 4. Potential diagnostic algorithms for hepatitis C virus (HCV) testing. A) HCV antibody testing 
from DBS with subsequent RNA testing, B) HCV antibody testing from dried blood spots (DBS) with 
subsequent core-Ag testing. If core-antigen (Ag) negative, subsequent RNA testing, C) HCV antibody 
testing from DBS with subsequent core-Ag testing, D) HCV core-Ag testing from DBS card. † Retest 
as clinically indicated if suspected seroconversion or ongoing exposure. ‡ Testing ends as a result of 
positive HCV core antigen. Ab = antibody, Core = core antigen, GT = genotype. 
In settings such as Sub-Saharan Africa, where higher rates of spontaneous HCV clearance are 
reported, likely due to the high prevalence of past or current hepatitis B co-infection, more 
confirmatory HCV RNA tests would be required [27–29], which is costly. Thus, as core-Ag is less 
expensive than HCV RNA, it may be reasonable to first look for active infection by this method and
send all negative samples for RNA testing.
Finally, direct HCV core-Ag testing without initial Ab testing from DBS may be an appropriate 
initial screening method in high prevalence populations such as in people with ongoing injection
drug use, and a less expensive alternative to HCV RNA testing (Figure 4D). However, the amount 
Figure 4. Potential diagnostic algorithms for hepatitis C virus (HCV) testing. (A) HCV antibody testing
from DBS with subsequent RNA testing, (B) HCV antibody testing from dried blood spots (DBS) with
subsequent core-Ag testing. If core-antigen (Ag) negative, subsequent RNA testing, (C) HCV antibody
testing from DBS with subsequent core-Ag testing, (D) HCV core-Ag testing from DBS card. † Retest
as clinically indicated if suspected seroconversion or ongoing exposure. ‡ Testing ends as a result of
positive HCV core antigen. Ab = antibody, Core = core antigen, GT = genotype.
Viruses 2019, 11, 830 12 of 14
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/9/830/s1,
Figure S1: Correlation between serum core-Ag and HCV-RNA from serum, Table S1: Cohort characteristics,
Table S2: Concordance between DBS duplicates per condition and cut-off, Table S3: Sensitivity and specificity of
HCV core antigen from DBS.
Author Contributions: Conceptualization, M.J.B., G.C., J.J.F.; methodology, M.J.B., M.v.T., D.S., G.H., A.A.,
S.P., E.M., V.C., L.W.G., T.M., G.C., J.J.F.; formal analysis, M.J.B., M.v.T., G.H., S.P., M.K., B.H., H.L.A.J., G.C.,
R.J.d.K., J.J.F.; data curation, M.J.B., M.v.T., J.J.F.; writing—original draft preparation, M.J.B., M.v.T., R.A.K.,
J.J.F.; writing—review and editing, M.J.B., M.v.T., R.A.K., G.C., R.J.d.K.; supervision, R.J.d.K., J.J.F.; funding
acquisition, J.J.F.
Funding: This research received no external funding, but received in-kind reagents from Abbott Molecular,
Des Plaines, IL, United States.
Acknowledgments: We would like to acknowledge and thank the many patients who donated their time and
samples for use in this study.
Conflicts of Interest: (i) Mia J. Biondi has served as a speaker, a consultant or an advisory board member for
Gilead, AbbVie, and Specialty Rx. (i) Tony Mazzulli has served as a speaker, a consultant or an advisory board
member for Merck, Pfizer, Qvella, Microbix, Roche, Verity Pharmaceuticals, Cipher Pharmaceuticals, and has
received research funding from Qvella, bioMerieux. (i) Betttina Hansen as served as a speaker, a consultant or
an advisory board member for Intercept, Cymabay, Albireo, Mirum, ChemomAb, Janssen, and has received
research funding from Intercept, Cymabay, Roche. (i) Harry Janssen has served as a speaker, a consultant or
an advisory board member for AbbVie, Arbutus, Benitec, Bristol-Myers Squibb, Gilead Sciences, Glaxo, Janssen,
Medimmune, Merck, Roche, Vir-Bio, and has received research funding from AbbVie, Bristol-Myers Squibb, Gilead
Sciences, Janssen, Medimmune, Merck, Roche. (i) Robert J. de Knegt has served as a speaker, a consultant or
an advisory board member for AbbVie, BMS, Gilead, Janssen Cilag, and Merck, and has received research funding
from AbbVie, BMS, Gilead, Janssen Cilag, and Philips. (i) Jordan J. Feld has served as a speaker, a consultant or
an advisory board member for AbbVie, Enanta, Contravir, Roche, Abbott, and has received research funding from
AbbVie, Gilead, Janssen and Abbott. (ii) Gavin Cloherty is an employee of Abbott. (iii) Gavin Cloherty owns
stocks and shares in Abbott.
References
1. World Health Organization. Guidelines on Hepatitis B and C Testing; WHO: Geneva, Switzerland, 2016.
Available online: https://www.paho.org/hq/index.php?option=com_docman&task=doc_download&gid=
44848&Itemid=270&lang=en (accessed on 10 January 2018).
2. Grebely, J.; Applegate, T.L.; Cunningham, P.; Feld, J.J. Hepatitis C point-of-care diagnostics: In search of
a single visit diagnosis. Expert Rev. Mol. Diagn. 2017, 17, 1109–1115. [CrossRef]
3. Freiman, J.M.; Tran, T.M.; Schumacher, S.G.; White, L.F.; Ongarello, S.; Cohn, J.; Easterbrook, P.J.; Linas, B.P.;
Denkinger, C.M. Hepatitis C Core Antigen Testing for Diagnosis of Hepatitis C Virus Infection: A Systematic
Review and Meta-analysis. Ann. Intern. Med. 2016, 165, 345–355. [CrossRef]
4. Duchesne, L.; Njouom, R.; Lissock, F.; Tamko-Mella, G.F.; Rallier, S.; Poiteau, L.; Soulier, A.; Chevaliez, S.;
Vernet, G.; Rouveau, N.; et al. HCV Ag quantification as a one-step procedure in diagnosing chronic hepatitis
C infection in Cameroon: The ANRS 12336 study. J. Int. AIDS Soc. 2017, 20, 21446. [CrossRef]
5. Public Health Agency of Canada. Surveillance of Hepatitis C; Public Health Agency of Canada: Ottawa,
ON, Canada, 2017; Available online: https://www.canada.ca/en/public-health/services/diseases/hepatitis-c/
surveillance-hepatitis-c.html (accessed on 1 February 2018).
6. Gower, E.; Estes, C.; Blach, S.; Razavi-Shearer, K.; Razavi, H. Global epidemiology and genotype distribution
of the hepatitis C virus infection. J. Hepatol. 2014, 61, S45–S57. [CrossRef]
7. Dore, G.J.; Ward, J.; Thursz, M. Hepatitis C disease burden and strategies to manage the burden (Guest Editors
Mark Thursz, Gregory Dore and John Ward). J. Viral. Hepat. 2014, 21 (Suppl. 1), 1–4. [CrossRef]
8. Lemoine, M.; Thursz, M. Hepatitis C, a global issue: Access to care and new therapeutic and preventive
approaches in resource-constrained areas. Semin. Liver. Dis. 2014, 34, 89–97. [CrossRef]
9. Konerman, M.A.; Lok, A.S. Hepatitis C Treatment and Barriers to Eradication. Clin. Transl. Gastroenterol.
2016, 7, e193. [CrossRef]
10. Jordan, A.E.; Perlman, D.C.; Reed, J.; Smith, D.J.; Hagan, H. Patterns and Gaps Identified in a Systematic Review
of the Hepatitis C Virus Care Continuum in Studies among People Who Use Drugs. Front. Public Health 2017,
5, 348. [CrossRef]
Viruses 2019, 11, 830 13 of 14
11. Spradling, P.R.; Tong, X.; Rupp, L.B.; Moorman, A.C.; Lu, M.; Teshale, E.H.; Gordon, S.C.; Vijayadeva, V.;
Boscarino, J.A.; Schmidt, M.A.; et al. Trends in HCV RNA testing among HCV antibody-positive persons in
care, 2003–2010. Clin. Infect. Dis. 2014, 59, 976–981. [CrossRef]
12. McGibbon, E.; Bornschlegel, K.; Balter, S. Half a diagnosis: Gap in confirming infection among hepatitis C
antibody-positive patients. Am. J. Med. 2013, 126, 718–722. [CrossRef]
13. Smit, P.W.; Sollis, K.A.; Fiscus, S.; Ford, N.; Vitoria, M.; Essajee, S.; Barnett, D.; Cheng, B.; Crowe, S.M.;
Denny, T.; et al. Systematic review of the use of dried blood spots for monitoring HIV viral load and for early
infant diagnosis. PLoS ONE 2014, 9, e86461. [CrossRef]
14. Grebely, J.; Bruneau, J.; Lazarus, J.V.; Dalgard, O.; Bruggmann, P.; Treloar, C.; Hickman, M.; Hellard, M.;
Roberts, T.; Crooks, L.; et al. Research priorities to achieve universal access to hepatitis C prevention,
management and direct-acting antiviral treatment among people who inject drugs. Int. J. Drug Policy 2017,
47, 51–60. [CrossRef]
15. Mohamed, Z.; Mbwambo, J.; Shimakawa, Y.; Poiteau, L.; Chevaliez, S.; Pawlotsky, J.M.; Rwegasha, J.;
Bhagani, S.; Taylor-Robinson, S.D.; Makani, J.; et al. Clinical utility of HCV core antigen detection and
quantification using serum samples and dried blood spots in people who inject drugs in Dar-es-Salaam,
Tanzania. J. Int. AIDS Soc. 2017, 20, 21856. [CrossRef]
16. Soulier, A.; Poiteau, L.; Rosa, I.; Hezode, C.; Roudot-Thoraval, F.; Pawlotsky, J.M.; Chevaliez, S. Dried Blood
Spots: A Tool to Ensure Broad Access to Hepatitis C Screening, Diagnosis, and Treatment Monitoring.
J. Infect. Dis. 2016, 213, 1087–1095. [CrossRef]
17. Lamoury, F.M.J.; Hajarizadeh, B.; Soker, A.; Martinez, D.; Quek, C.; Cunningham, P.; Catlett, B.; Cloherty, G.;
Marks, P.; Amin, J.; et al. Evaluation of a Hepatitis C Virus Core Antigen Assay in Plasma and Dried Blood
Spot Samples. J. Mol. Diagn. 2018, 20, 621–627. [CrossRef]
18. World Health Organization. Annexes to WHO Guidelines on Hepatitis B and C Testing: Dried Blood Spots;
WHO: Geneva, Switzerland, 2017. Available online: https://www.who.int/hepatitis/publications/guidelines-
hepatitis-c-b-testing-annexes/en/ (accessed on 15 December 2017).
19. World Health Organization. Guidelines on Hepatitis B and C Testing; WHO: Geneva, Switzerland, 2017.
Available online: https://www.who.int/hepatitis/publications/guidelines-hepatitis-c-b-testing/en/ (accessed
on 25 January 2018).
20. Lamoury, F.M.; Hajarizadeh, B.; Soker, A.; Martinez, D.; Quek, C.; Cunningham, P.; Catlett, B.; Cloherty, G.A.;
Marks, P.; Amin, J.; et al. Hepatitis C virus core antigen and dried blood spots as simplified hepatitis C virus
diagnostic tools. J. Mol. Diagn. 2017, 66, S710. [CrossRef]
21. Easterbrook, P.J.; Group, W.H.O.G.D. Who to test and how to test for chronic hepatitis C infection - 2016
WHO testing guidance for low- and middle-income countries. J. Hepatol. 2016, 65, S46–S66. [CrossRef]
22. McAllister, G.; Innes, H.; McLeod, A.; Dillon, J.F.; Hayes, P.C.; Fox, R.; Barclay, S.T.; Templeton, K.; Aitken, C.;
Gunson, R.; et al. Uptake of hepatitis C specialist services and treatment following diagnosis by dried blood
spot in Scotland. J. Clin. Virol 2014, 61, 359–364. [CrossRef]
23. Radley, A.; Melville, K.; Tait, J.; Stephens, B.; Evans, J.M.M.; Dillon, J.F. A quasi-experimental
evaluation of dried blood spot testing through community pharmacies in the Tayside region of Scotland.
Frontline Gastroenterol. 2017, 8, 221–228. [CrossRef]
24. Martin, N.K.; Hickman, M.; Miners, A.; Hutchinson, S.J.; Taylor, A.; Vickerman, P. Cost-effectiveness of HCV
case-finding for people who inject drugs via dried blood spot testing in specialist addiction services and
prisons. BMJ Open 2013, 3, e003153. [CrossRef]
25. Girardin, F.; Hearmon, N.; Negro, F.; Eddowes, L.; Bruggmann, P.; Castro, E. Increasing hepatitis C virus
screening in people who inject drugs in Switzerland using rapid antibody saliva and dried blood spot testing:
A cost-effectiveness analysis. J. Viral Hepat 2019, 26, 236–245. [CrossRef]
26. Bertisch, B.; Brezzi, M.; Negro, F.; Mullhaupt, B.; Ottiger, C.; Kunzler-Heule, P.; Schmid, P.; Giudici, F.;
Clerc, O.; Moriggia, A.; et al. Very low hepatitis C viral loads in treatment-naive persons: Do they compromise
hepatitis C virus antigen testing? Clin. Infect. Dis. 2019. [CrossRef]
27. Aisyah, D.N.; Shallcross, L.; Hully, A.J.; O’Brien, A.; Hayward, A. Assessing hepatitis C spontaneous
clearance and understanding associated factors-A systematic review and meta-analysis. J. Viral Hepat 2018,
25, 680–698. [CrossRef]
Viruses 2019, 11, 830 14 of 14
28. Konstantinou, D.; Deutsch, M. The spectrum of HBV/HCV coinfection: Epidemiology, clinical characteristics,
viralinteractions and management. Ann. Gastroenterol. 2015, 28, 221–228.
29. Sagnelli, E.; Coppola, N.; Pisaturo, M.; Masiello, A.; Tonziello, G.; Sagnelli, C.; Messina, V.; Filippini, P.
HBV superinfection in HCV chronic carriers: A disease that is frequently severe but associated with the
eradication of HCV. Hepatology 2009, 49, 1090–1097. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
